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Summary
Objective: Cartilage loss as determined either by magnetic resonance imaging (MRI) or by joint space narrowing in X-rays is the result of car-
tilage erosion. However, metabolic processes within the cartilage that later result in cartilage loss may be a more accurate assessment method
for early changes. Early biological processes of cartilage destruction are among other things, a combination of proteoglycan turnover, as a re-
sult of altered charge distributions, and local alterations in water content (edema). As water distribution is detectable by MRI, the aim of this
study was to investigate cartilage homogeneity visualized by MRI related to water distribution, as a potential very early marker for early de-
tection of knee osteoarthritis (OA).
Design: One hundred and fourteen right and left knees from 71 subjects aged 22e79 years were scanned using a Turbo 3D T1 sequence on
a 0.18 T MRI Esaote scanner. The medial compartment of the tibial cartilage sheet was segmented using a fully automatic voxel classiﬁcation
scheme based on supervised learning. From the segmented cartilage sheet, homogeneity was quantiﬁed by measuring entropy from the dis-
tribution of signal intensities inside the compartment. For each knee an X-ray was acquired and the knees were categorized by the Kellgren
and Lawrence (KL) index and the joint space width (JSW) was measured. The P-values for separating the groups by each of JSW, cartilage
volume, cartilage mean intensity, and cartilage homogeneity were calculated using the unpaired t-test.
Results: The P-value for separating the group diagnosed as KL 0 from the group being KL 1 based on JSW, volume and mean signal intensity
the values were P¼ 0.9, P¼ 0.4 and P¼ 0.0009, respectively. In contrast, the P-value for homogeneity was P¼ 0.0004. The precision of the
measures assessed, as a testeretest root mean square coefﬁcient of variation (RMS-CV%) was 3.9% for JSW, 7.4% for volume, 3.9% for
mean signal intensity and 3.0% for homogeneity quantiﬁcation.
Conclusion: These data demonstrate that the distribution of components of the articular matrix precedes erosion, as measured by cartilage
homogeneity related to water concentration. We show that homogeneity was able to separate early OA from healthy individuals in contrast
to traditional volume and JSW quantiﬁcations. These data suggest that cartilage homogeneity quantiﬁcation may be able to quantify early bio-
chemical changes in articular cartilage prior to cartilage loss and thereby provide better identiﬁcation of patients for OA trials who may respond
better to medicinal intervention of some treatments. In addition, this study supports the feasibility of using low-ﬁeld MRI in clinical studies.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is a degenerative joint disease that is
a major cause of disability. Degeneration of the articular car-
tilage in combination with an altered subchondral comp-
artment are key features of OA1,2. In terms of quality of life
and chronic disability OA is second only to cardiovascular
diseases3,4. It is estimated that more than one-third of the
population above the age of 35 will at some point in their lives
experience OA4. At present there is no cure for OA as no
drugs have been consistently shown to modify joint structure
or even reverse joint pathology in face of the currently avail-
able treatments that are directed towards relief of symp-
toms5. Research is ongoing to discover disease-modifying
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effectiveness of DMOADs we need to quantify the structural
changes undergoing in the cartilage during the early stages
of the disease and for that early diagnosis of OA is essential.
The current accepted standard for diagnosing knee OA
and monitoring progression is measurement of the joint
space width (JSW) (between the femur and tibia on the
knee joint) from radiographs7. This is an indirect evaluation
as the cartilage is not visible in X-ray and is also potentially
prone to diagnosing the disease relatively late in its course8.
Recently, magnetic resonance imaging (MRI) has received
much attention in assessment of the articular cartilage. This
can be primarily attributed to the fact that MRI is non-
invasive, provides excellent soft tissue contrast, high spatial
resolution and moreover the articular cartilage can be di-
rectly visualized and quantiﬁed non-invasively from the
MR scans9,10. This provides valuable information with rega-
rd to morphological and possibly biochemical parameters,
that may be associated with the integrity of the articular99
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lage volume and thickness measures are now being widely
used to monitor progression of OA11e14.
The pathology of OA involves changes in both the sub-
chondral bone and articular compartment. Currently, late
stage detection methods such as JSW or Kellgren and Law-
rence (KL) score represent subchondral bone changes as
well as cartilage thinning15. Even early OA as detected by
the KL score may be the results of long ongoing bioche-
mical processes leading to both bone and cartilage alter-
ations. Thus, these techniques may not sufﬁciently identify
patients who may have their cartilage disease attenuated
or even reversed. Cartilage loss is only secondary to impor-
tant biochemical changes in the articular cartilage. Prior to
cartilage ﬁbrillation, local edema and swelling are well-
recognized features8,16e18. These intrinsic changes in carti-
lage water content and spatial distributions are most likely
predecessors to the traditional cartilage loss detected by
MRI and X-ray based techniques.
In this study, we wanted to investigate whether MRI sig-
nal intensity measures, related to intrinsic water distribu-
tions, which may be a result of mal-metabolism in the
articular cartilage, would be a sensitive marker for very early
detection of OA.
Materials and methods
POPULATION
The population for this study was formed from two sub-
populations. The ﬁrst was a normal population selected to
have no or only minor OA symptoms with a broad age range
from 22 to 73 years. The second was a group with known
OA symptoms of various degrees. This composition was
designed to ensure that a large healthy group could be
compared to both a considerable group with early OA as
well as a considerable group with more progressed OA.
Secondly, the full population was thereby designed to be
fairly representative of the general population.
A total of 76 subjects (34 men and 42 women) from 22 to
79 years old were recruited to participate in the present
study. Selection criteria ensured that none of the subjects
had previous knee joint replacement, inﬂammatory arthritis
in the knee, or any contraindication for performing MRI ex-
amination. Subjects underwent both clinical and radiological
examinations and classiﬁed into groups of healthy subjects
or OA patients according to the ACR (American College ofRheumatology) deﬁnition of OA. From the total of 152
knees, 13 were excluded due to poor image quality in either
radiographs or MRI. From these 139 knees, 25 were used
to train the automatic segmentation method, so a total of
114 knees (Table I) were used for evaluation of the
methods in the following.
All participants signed approved information consent and
the study was carried out in accordance with the principles
of the Helsinki Declaration II and European Guidelines for
Good Clinical Practice. The study protocol was approved
by the local Ethical Committee.
In this study, we focused on the medial compartment of
the tibial cartilage since previous studies have shown that
OA is more often observed in this compartment19.
IMAGING PROTOCOL
A total of 152 right and left knees were examined by radi-
ography and MRI. Using radiographs (X-rays) these 152
knees were classiﬁed by a radiologist as 0e4 on the KL in-
dex20 where KL 0 represents healthy and KL 4 severe OA (it
should be noted here that throughout the paper ‘‘healthy’’
refers to being radiologically healthy, i.e., being classiﬁed
by a radiologist as having a KL score of 0). The radiologist
also measured the JSW as the narrowest gap between the
tibia and the femur in the medial compartment. The radiolo-
gist also marked the most medial and lateral points on the
tibial plateau (excluding osteophytes). These points deﬁne
the width of tibial plateau, which is a measure of the size
of the knee.
MRI imageacquisitionwasdoneonanEsaoteC-Scan low-
ﬁeld 0.18 T clinical scanner. The imaging sequence con-
sisted of 3D, T1 weighted gradient-echo acquisition (GRE)
(ﬂip angle¼ 40, TR¼ 50 ms, TE¼ 16 ms). The ﬁeld of view
(FOV) was 120 mm. The scans were made through the sag-
ittal plane with the image matrix of 256 256 pixels, yielding
apixel sizeof 0.49 mm.A110contiguousslices, 0.8 mm thick
(0.7e0.9 mm) were acquired in approximately 10 min.
For reproducibility evaluation, the protocol was repeated
a week later on 31 knees. Table I lists the characteristics
of these knees.
AUTOMATIC CARTILAGE SEGMENTATION
The medial compartment of tibial cartilage sheets was
automatically segmented using voxel classiﬁcation based
on supervised learning13. For the classiﬁcation we used anTable I
Characteristics of the evaluation set (knees¼ 114, participants¼ 71)*
Factor KL 0 KL 1 KL 2 KL 3
Number of knees (K ) 51 28 14 21
Age (years) 45.2  15.7 58.7  11.2 67.5  7 66.3  6.7
Females (%) 60 71 43 48
Weight (kg) 72.4  12.8 71.6  10.1 89.8  16.6 81.1  11.6
Height (m) 1.7  0.09 1.7  0.08 1.7  0.09 1.6  0.07
BMI (kg/m2) 24.3  3.6 24.8  3.2 30.3  4.2 28.8  3.5
Reproducibility second visit (knees ¼ 31)
Number of knees (K ) 11 13 2 5
Age (years) 52  18.9 66.1  7.2 65.2  0.0 68  4.5
Females (%) 55 77 0 0
Weight (kg) 69.8  17.1 69.3  8.0 87  0.0 84  11.6
Height (m) 1.7  0.1 1.68  0.04 1.68  0.0 1.75  0.05
BMI (kg/m2) 23.9  4.7 24.5  2.2 30.9  0.0 27.3  3.0
*Values are meanSD.
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ANN (Approximate Nearest Neighbour) framework. To ac-
count for position variations of subjects in the scanner the
centre of mass of each scan was shifted to the centre of
mass of the scans in the training set21. Furthermore the com-
putational time was signiﬁcantly reduced by incorporating an
efﬁcient classiﬁcation scheme22. Figure 1 shows an MR
scan slice illustrating the automatic segmentation. From
the segmented cartilage sheet, cartilage mean signal inten-
sity and volume for each subject were computed. The vol-
ume measure was normalized by the width of the subject’s
tibial plateau (width of the bone). Additionally standard devi-
ation (SD) of the signal intensities was also computed since
SD is another way of measuring dispersion or randomness.
QUANTIFICATION OF HOMOGENEITY
Homogeneity was quantiﬁed by measuring entropy. En-
tropy is well-known in information theory23 as a measure
of information content (or inversely randomness) present
in the data. Entropy is measured from the signal intensity
histogram, which represents the distribution of intensities
present inside the cartilage compartment.
A histogram H can be deﬁned by the following formula-
tion: H(i )¼ ni; where ni(i¼ 0,1.L 1) represents the num-
ber of occurrences for signal intensity i and L represents the
number of distinct grey levels in the cartilage. The histo-
gram is normalized by the total number of intensities N
such that the histogram represents the probability distribu-
tion of the signal intensities e and thereby also becomes in-
variant to the cartilage volume.
Furthermore, the intensity range was divided into equal
sized bins. The bin width was chosen to be 100 using the
FreedmaneDiaconis rule24. Using this normalized binned
histogram we calculated entropy as:
E ¼
XN1
i¼0
Hi logðHi Þ
Entropy quantiﬁes cartilage with fewer, more dominant in-
tensities as being more homogeneous. In the extreme, the
most homogeneous distribution will only have a singleintensity present e such a histogram can be described
with very little information and therefore has minimal infor-
mation content and minimal entropy value. In contrast, the
higher the entropy value the more heterogeneous the carti-
lage will be. As an example, Fig. 2(a and b) shows the histo-
grams of knee cartilage with highest entropy as well as with
the lowest entropy in the data set. When assessing the in-
formation content, the speciﬁc intensities and their ordering
in the histogram are irrelevant e this is illustrated by Fig. 2(c
and d) where the same histograms are sorted by the bin
size. The entropy value depends on whether many infre-
quent intensities are present (heterogeneous, high entropy)
or whether relatively few frequent intensities are dominant
(homogeneous, low entropy). This is clearly visible in the
sorted histogram in Fig. 2(c and d). Thereby, unlike a sim-
pler measure like intensity SD, entropy is not assuming
that the intensity values follow a Gaussian distribution.
STATISTICAL ANALYSIS
To evaluate the signiﬁcance of homogeneity as a bio-
marker for early detection of OA, the knees were divided
into groups based on the KL index; and using the unpaired
t-test, P-values for separating the groups based on entropy
were calculated. A 0.05 level was used throughout the pa-
per for statistical signiﬁcance. The signiﬁcance levels
were compared to the signiﬁcance levels of separating the
same groups using JSW, traditional volume quantiﬁcation
and the mean signal intensity.
The overall precision of the method was assessed using
the testeretest root mean square coefﬁcient of variation
(RMS-CV%) of the entropy values25. For each subject the
CV is deﬁned as the SD of a series of experiments divided
by the mean. The overall CV is expressed as an RMS of the
subjects’ CVs.
Results
CARTILAGE HOMOGENEITY MEASURE
To assess the homogeneity we measured T1 intensities,
which are correlated to distribution of water, as shown inFig. 1. (a) Automatically segmented sagittal slice. (b) Cross section view of a segmented tibial medial cartilage sheet.
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knee. From these the intensity SD was seen to be lower in
diseased cartilage compared to that of healthy cartilage (SD
healthy vs SD OA, P< 0.001). For further analysis we used
entropy, which quantiﬁes homogeneity as the information
content, reﬂecting the complexity, of the intensity histogram
as illustrated in Fig. 2. The entropy was lower in diseased
cartilage compared to healthy (entropy healthy vs entropy
OA, P< 0.001). The precision of SD based on testeretest
RMS-CV% was 6.6% as compared to 3.0% precision of
entropy. Based on these evaluations, we selected entropy
as our preferred measure of cartilage homogeneity.
JSW, CARTILAGE VOLUME, INTENSITY AND
ENTROPY QUANTIFICATIONS
From the automatically segmented cartilage sheets we
quantiﬁed four different measures: JSW, cartilage volume,
cartilage intensity, and cartilage entropy.
As shown in Fig. 3(a) the JSW quantiﬁcation was not able
to separate the healthy group from KL 1 (P¼ 0.9). However
it was able to separate the healthy group from the rest
(P¼ 0.005).
Traditional cartilage volume was estimated as described
in Materials and methods. As presented in Fig. 3(b), volume
calculation was not able to signiﬁcantly separate healthy
from KL 1. However, a clear and signiﬁcant trend with a de-
crease in cartilage volume for increase in KL score was
found, as previously published26.To investigate to which degree the signal intensity level
would directly be a suitable biomarker; as a consequence
to the strong correlation to water content, we measured
the mean cartilage intensity. As shown in Fig. 3(c), the
mean intensity failed to separate the group of healthy
from the group of OA subjects. However, mean intensity
provided a clear separation of healthy from KL 1
(P¼ 0.0009). The drop from KL 0 to KL 1 followed by a re-
turn to KL 0 level for KL 2 and KL 3 is consistent with the
expected increase in water concentration in early OA due
to swelling and followed by a loss of water content in the
later stages.
Lastly, as presented in Fig. 3(d), the quantiﬁcation of car-
tilage homogeneity by entropy was able to clearly separate
healthy from OA subjects (P¼ 0.0003). Furthermore, en-
tropy was also able to separate healthy from KL 1 subjects
(P¼ 0.0004).
The P-values for the different measures in separating the
different groups using the medial tibial compartment are
summarized in Table II.
QUANTIFICATION PRECISION
The precisions of the four quantiﬁcation methods e JSW,
volume, mean intensity, and entropy e are also listed in
Table II. The precisions of the JSW and automatic cartilage
volume quantiﬁcation were an RMS-CV% of 3.9% and
7.4%, respectively. In contrast, the RMS-CV% for mean
intensity and entropy were 3.9% and 3.0%, respectively.Fig. 2. (a) Histogram of knee with highest entropy value in the data set (KL 0). (b) Histogram of knee with lowest entropy value (KL 3). (c) The
same histogram in (a) but sorted by the number of bins. (d) The same histogram in (b) but sorted by the number of bins. The more diseased
you are the lower will be the entropy.
1203Osteoarthritis and Cartilage Vol. 15, No. 10Fig. 3. Comparison of (a) JSW, (b) volume, (c) mean signal intensity, and (d) entropy as a function of the KL index. Entropy measure can
separate healthy group from KL 1 much signiﬁcantly when compared to the other measures. Moreover it can also separate healthy group
from OA.Discussion
We investigated whether intrinsic changes in the articular
cartilage related to water distribution visualized by MRI
would enable separation of early OA vs healthy individuals.
We showed that measurement of cartilage homogeneity
quantiﬁed by entropy enabled separation of healthy (KL 0)
vs OA (KL> 0), and in addition allowed for separation of
healthy from early OA (KL 1). Thus, entropy provides
Table II
P-values for separating groups of KL 0 from KL 1 and groups of
KL 0 from KL> 0 based on the four different measures. The table
also lists the testeretest RMS-CV%
Type JSW Volume Mean intensity Entropy
KL 0 vs KL 1 0.9 0.4 0.0009 0.0004
KL 0 vs KL> 0 0.005 0.02 0.1 0.0003
Testeretest
Test type RMS-CV%
JSW 3.9
Volume 7.4
Mean signal intensity 3.9
Entropy 3.0sensitivity and information beyond that of JSW, volume,
and mean signal intensity quantiﬁcations.
Cartilage loss is only secondary to important biochemical
changes in the articular cartilage. These changes include
protease expression of which matrix metalloproteinases
(MMP)27 and a disintegrin and metalloproteinase with
thrombospondin motifs (ADAM-TS)28,29 are the most well-
described pathological activities that result both in proteo-
glycan depletion and disruption of the collagen network
and additionally this process is accompanied by local
edema which may be the ﬁrst signs of decreased cartilage
quality.
The population for this study was selected such that it in-
cluded a large normal population with no or only very minor
OA symptoms. This ensured a fairly large number of sub-
jects in the very early stages of OA where only few symp-
toms are present and thereby allowed an investigation of
which cartilage quantiﬁcations could detect the early stages
with statistical signiﬁcance.
The present investigation has been based on the use of
the KL score as gold standard for estimation of degree of
OA. This affects the interpretation of the current MRI data
in two important ways. Firstly, it is known that inter-
observers’ differences may result in different annotations
of KL score, in particular between KL 0 and KL 1 as well
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ible by X-ray and only to a smaller extent is accounted for in
the annotation of KL scoring compared to that of bone31. As
a result, the KL annotation may not distribute similar articu-
lar cartilage appearances in the same KL group and each
KL group may as a consequence include very different pre-
sentation of articular cartilage health.
With these difﬁculties in mind, the present separation of
healthy vs KL 1 may seem even more impressive, as unde-
tected articular changes in KL 0 which only are detectable by
entropy could have been annotated differently, if the KL
scoring system would have been more articular cartilage ori-
ented. Taken together, this impressive identiﬁcation of early
OA changes by automated low-ﬁeld MRI raises the question
whether entropy combined with cartilage alterations and
subchondral turnover combined with KL 0 and KL 1 would
be more appropriate for selecting patients who would beneﬁt
from treatment compared to late stages of OA as identiﬁed
by KL 2e4 scoring. Additionally damage to the articular car-
tilage can be even reversed in early stages before extensive
ﬁbrillation, chondrocyte mal-metabolism and differentiation
in hypertrophic chondrocytes and apoptosis occurs.
The effectiveness of the homogeneity quantiﬁcation is re-
lated directly to biochemical changes within the cartilage.
During the early stages of OA, before cartilage thinning be-
gins, there is a reduction in proteoglycan content and dis-
ruption of the collagen framework. Initially this results in
increased water content, which leads to swelling of the car-
tilage (edema). Decreased proteoglycan content is believed
to result in increased water content because loss of pro-
teoglycan allows uncoiling of the remaining proteoglycan
molecules which increase their negatively charged domain
which in turn increases their hydrophilic nature thereby
leading to an increase of water4,32,33. In addition chondro-
cytes in response to altered material properties try to com-
pensate by overproduction of proteoglycans34e36. On the T1
MR scans an increase of water leads to a decrease in the
average signal intensity as water appears darker than
healthy cartilage in T1 weighted MR
37. Thereby the cartilage
at the early stages of OA appears darker, and at the same
time more homogeneous.
A few studies have shown that structure of the collagen
matrix is responsible for the magnetization transfer effect
in articular cartilage38,39. Thereby as shown in Fig. 3(c) in
the later stages, as the cartilage begins to disintegrate,
the collagen content begins to diminish resulting in a de-
creased magnetization transfer effect and along with an
overall reduction in water content we see a rise in the signal
intensity. Therefore the cartilage homogeneity remains high
(measured by lower entropy values) for the later stages
of OA.
The scanner used in this study is a low-ﬁeld scanner
whereas most recent work is focused on high-ﬁeld MRI.
Low-ﬁeld scanners potentially lower costs along with the re-
duced scan time. Additionally it has been shown that stud-
ies done on low-ﬁeld knee MRI found no clinically signiﬁcant
ﬁeld-strength-dependent differences in detection of menis-
cal and anterior cruciate ligament (ACL) tears, and con-
cluded that the performance of low-ﬁeld MRI equaled that
of high-ﬁeld MRI40,41. Thereby we expect homogeneity to
result in a similar sensitivity on a high-ﬁeld scanner though
a validation study is still needed to reafﬁrm our claim. Addi-
tionally according to Ghazinoor et al.40 the scan resolution
used in this study is sufﬁcient enough for evaluation of the
articular cartilage.
Alternative approaches for quantifying cartilage structure
from MRI also exist. The T2 relaxation time is one of the ﬁrststructural biomarkers based on MRI. It is related to both col-
lagen matrix organization and water content. Lu¨ssea et al.
showed a correlation between T2 and water content on
three subjects in vivo42. In recent years, the use of delayed
gadolinium-enhanced MRI of cartilage (dGEMRIC) to quan-
tify the concentration of glycosaminoglycans (GAGs) in the
cartilage has been investigated43. Using 1.5 T turbo inver-
sion recovery scans and 15 patients with early OA Tiderius
et al. showed signiﬁcant loss of GAG (as measured by the
dGEMRIC scores) in the diseased compartment compared
to the healthy reference compartment (P< 0.01)44. How-
ever, the dGEMRIC approach is semi-invasive and also
more costly than regular MRI for use in clinical trials.
Sodium MRI can also be used to measure the reduction
of proteoglycan content in the cartilage. Using a test size
of 12 patients (nine healthy, three early OA) it was shown
that sodium MRI has a potential to be used for early detec-
tion of OA45. A few studies have done early feasibility stud-
ies on the use of diffusion tensor MRI for cartilage analysis.
In a small in vitro study using a 9.4 T scanner, it has been
shown that the eigenvector orientations of the local diffusion
tensor can separate cartilage layers, which to some degree
reﬂect the alignment of the collagenous ﬁber network in the
articular cartilage46. However, due to current limitations in
resolution and low signal to noise ratio, only very limited re-
sults on in vivo subjects are available.
Compared to these structural quantiﬁcations based on
sophisticated MR technology, our proposed cartilage homo-
geneity quantiﬁcation may allow a detection of early OA
with sensitivity and precision comparable to methods based
on, e.g., dGEMRIC and that too with low-cost equipment
(low-ﬁeld MRI). Furthermore Dray et al. argued that T2 im-
aging, dGEMRIC and DWI are in their infancy and we still
don’t have a robust way to monitor collagen changes47.
In conclusion, the use of cartilage homogeneity mea-
sured by entropy for detection and quantiﬁcation of early
OA and as an inclusion criterion of patients in longitudinal
clinical trials could prove valuable and may thereby eventu-
ally aid in improving treatment efﬁcacy.
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